An experimental study of the spectral and electro-optic response of direct UV-written waveguides in LiNbO 3 is reported. The waveguides were written using c.w. laser radiation at 275, 300.3, 302, and 305 nm wavelengths with various writing powers (35-60 mW) and scan speeds (0.1-1.0 mm/sec). Spectral analysis was used to determine the multimode and single mode wavelength regions and, the cut-off point of the fabricated waveguides. Electro-optic characterization of these waveguides reveals that the electro-optic coefficient (r 33 ) decreases for longer writing wavelengths, with a maximum of 31 pm/V for 275 nm and, is reduced to 14 pm/V for waveguides written with 305 nm.
Introduction
Since its inception, the UV directly written waveguide [1] procedure in lithium niobate (LiNbO 3 ) single crystals has held considerable promise because it is a single-step process which is well suited for complex micro-optical devices, in addition to conventional optical integrated circuits. Direct writing of graded-index channel waveguides in congruent LiNbO 3 has been demonstrated using c.w. laser light within a writing wavelength range of 244 -305 nm [1, 2] . The process has been modeled as a laser-induced thermal diffusion of lithium ions which results in a variation of the local Li concentration which increases the extra-ordinary refractive index of LiNbO 3 [2, 3] For most applications, single-mode waveguides are essential in order to achieve optimised device performance, and hence the determination of singlemode operating range and cut-off wavelength of the waveguide are fundamental for characterising waveguide optical properties. Spectral analysis is a characterization method which has been originally developed for determining the effective cut-off wavelength of optical fiber [4] and later for Ti-indiffused [5, 6] and proton exchanged [7] waveguides, and this may also be applied to these UV-written waveguides. Moreover, the electro-optic properties of these waveguides need to be assessed for subsequent applications in waveguide optical switches and modulators, which are key integrated-optical components that can be implemented in LiNbO 3 . Therefore, spectral analysis and electro-optic characterisation of UVwritten waveguides in LiNbO 3 are of absolute necessity from the device point of view.
In this paper a white light laser-continuum source has been used for the investigation of the spectral response of the direct UV-written channel waveguides in congruent LiNbO 3 . The spectral data was used to determine the various regimes of waveguide operation from multimode to cut-off. It has been observed that an optimum writing condition for these waveguides exists where the refractive index change is maximised and hence the cut-off wavelength of the waveguide shifts to longer wavelengths. The experimental study was extended to the electro-optic properties of these waveguides, which reveals that electro-optic response of the waveguide reduces with increasing recording wavelength, with 275 nm written waveguides having the highest electro-optic response compared to waveguides written with 300.3, 302, and 305 nm light. Measurements of mode-width, mode-depth, and refractiveindex change of waveguides with various applied voltages, and finally direct interferometric measurements of the electro-optic coefficient of waveguides written at different UV wavelengths have confirmed this experimental finding.
Experimental

Waveguide fabrication
Direct writing of waveguides in congruent, z-cut LiNbO 3 crystal has been achieved using an argon ion laser that yields c.w. output at 275, 300.3, 302, and 305 nm wavelengths. The laser beam was focused onto the crystal surface to a spot of ~4 µm diameter. The waveguides were written on the + z face of the crystal, along the crystallographic y-direction, by scanning the crystal in front of the focussed laser beam using a computer-controlled 2D translation stage. The laser power and scanning speed used in our experiments were within the range of 35-60 mW and 0.1-1.0 mm/sec, respectively, which correspond to UV energy fluences of 0.7-12.0 kJ/cm 2 . The strong optical absorption of LiNbO 3 at these ultraviolet wavelengths results in an increased local temperature-that induces Li diffusion takes place which forms the waveguides with an increased extra-ordinary index of refraction [1] [2] [3] . While the waveguides were in most cases free from surface damage, those written at the higher end of the energy fluence range did exhibit some undesirable surface damage. Following the direct writing, all the waveguides were edge-polished and used for the subsequent spectral and electro-optic characterization.
Spectral measurements
A supercontinuum fiber laser (Fianium, Femtopower 1060, with a wavelength range: 408 -1800 nm) was coupled into the waveguides using a 10x microscope objective. The output of each waveguide was imaged by a second microscope objective onto a circular aperture (iris diaphragm) for spatially filtering out the optical noise from the light originating from the waveguides. This was subsequently then coupled to an optical spectrum analyzer. A schematic of the experimental setup is shown in Fig. 1 . The numerical aperture of the launching objective lens (NA = 0.25) was chosen to be high enough to excite all possible guided modes of the waveguides. The length of the channel waveguides used in our experiments was 14 mm. The LiNbO 3 substrate containing the waveguides was mounted onto a high precision 4-axis translation stage. TM waveguide modes only could be excited in these UV-written waveguides indicative of an increment only in the extra-ordinary refractive index. To eliminate the spectral response of the launch and detection components of the experimental setup (such as the broadband source and the detector), the spectral output intensity of the waveguide (I WG ) was normalized by a reference intensity spectrum (I REF ) acquired by the optical system without the presence of the waveguide. This normalization also minimizes the effect of chromatic aberrations of the microscope lenses. All these spectral measurements were performed below the photorefractive damage threshold of the waveguides, which was confirmed by the non-dependency of the normalized transmission spectra on the input power. The measured spectral response has been analyzed to determine the wavelength range for multi-mode and single-mode operation respectively and the cut-off wavelength of the UVwritten waveguides. The change of the spectral response of the UV-written waveguides under the influence of an external electric field was used to investigate the electro-optic behavior of the waveguides. A pair of thin gold film electrodes of thicknesses ~10 nm was sputtered onto the two opposite faces of the 500 µm thick substrate containing the waveguides. The electrodes were used to apply a variable voltage across the substrate and the corresponding normalized transmission spectra of the waveguides were measured. The applied dc voltage used in our experiment ranged from −600 to + 600 V, corresponding to a uniformly applied dc electric field ranging from −1.2 to + 1.2 V/µm along the z-axis of the LiNbO 3 crystal. The changes in cut-off wavelengths of the waveguides, written with different wavelengths, for various applied voltages were measured. These experimental data directly correspond to the relative refractive index changes or changes in the contrast of the waveguides with respect to the substrate, via the linear electro-optic (Pockels) effect. The markedly different responses of the waveguides with applied voltage suggest a difference in the relative values of electro-optic coefficient (r 33 ) of the UV-written waveguides compared to those for the bulk substrate under different writing wavelengths. Hence it was necessary to proceed to a direct measurement of the effective electro-optic coefficient. 
Electro-optic coefficient measurement
For a quantitative characterization of the electro-optic response of the waveguides written at different wavelengths, we measured the r 33 electro-optic coefficient using a Mach-Zehnder interferometer setup, a schematic of which is shown in Fig. 2 . A He-Ne laser beam (0.6328 µm) was divided by a 50/50 cube beam-splitter into the two arms of the interferometer. The waveguide under test was placed in one arm of the interferometer, and light was in-and outcoupled using microscope objectives. In the reference arm a variable attenuator was placed to balance the optical power between the two arms of the interferometer. Finally the beams from the two arms were recombined using a second cube beam-splitter as shown in the schematic. The polarization of the input light was made parallel to the z-axis of the crystal. Initially a computer-interfaced CCD camera was used to observe the series of elliptical interference fringes at the output. A pinhole with diameter ~25 µm was used to sample the interference fringes and to enable the detection of phase shifts as a variation of the transmitted optical power measured by a Si photo-detector. An optical chopper (frequency: 170 Hz) in conjunction with a lock-in-amplifier was used to improve the signal-to-noise ratio (typically ~50) of our detection system. We also placed a 6.3x microscope objective to magnify the output interference pattern and hence improve the resolution of the pinhole-detector assembly. The entire experimental setup was on a vibration-isolated table and the interferometric section was covered to minimize the effect of random phase changes caused by air-flow in the two arms of the interferometer. The applied voltage introduces a refractive index change in the waveguide via the electro-optic effect thereby introducing a phase difference between the two arms of the interferometer. This small phase difference produces a spatial shift in the interference fringes, and hence a change in detector output. From the plot of the detector output versus the applied voltage, we have measured the half-wave voltage V π , the voltage required to produce a п-phase shift. This is related to the r 33 coefficient of the waveguide by the following equation [8, 9] where, λ is the operating wavelength (0.6328 µm), d is the substrate thickness (500 µm), n e is the effective refractive index of the waveguide, and L is the length of the electrode-covered waveguide section (9 mm). In Eq. (1) we have assumed 100% overlapping of the applied electric field with the waveguide propagation mode which is a valid approximation in the present configuration [10] . The experiment was repeated for a number of waveguides written with different writing wavelengths and powers, and the r 33 coefficient for each waveguide was determined by using Eq. (1) . No phase drift due to optical "photorefractive" damage was observed over the duration of the measurements.
Results and discussions
Analysis of spectral data of the waveguides
Typical normalized transmission spectra of two different UV-written waveguides are shown in Fig. 3 . The spectrum shown in Fig. 3(a) corresponds to a waveguide that exhibits multimode transmission at shorter wavelengths and can be divided into four regions [7] . In region-1 the waveguide supports the two lowest order modes and the normalized transmission spectrum (I WG /I REF ) can be described as: 00 01
where K 00 and K 01 are the coupling coefficients for the lowest and next higher order modes, respectively. Region-2 describes the wavelength regime where the second mode cut-off is approached. In this case normalised transmission spectrum is given by: 
where α 01 and L 0 are the modal attenuation coefficient of the higher order mode and length of the guide, respectively. As the wavelength becomes longer the cut-off of the second mode is passed and region-3 covers the wavelength range where the fundamental mode is still far from cut-off. The intensity ratio in this region may be given as: 
where α 00 is the attenuation coefficient for the fundamental mode. In Eqs. (2-5) the modal coupling and attenuation coefficients are wavelength dependent. We have defined 10% of the peak normalised intensity as the mode cut-off point. Hence for the waveguide shown in Fig. 3(a) , which was written at the 300.3 nm wavelength, with a laser power of 40 mW and a scan speed 1.0 mm/sec, the multimode region is <514 nm, whereas the guide is single-moded within the wavelength range from 514 nm to 780 nm, where 780 nm is practically the waveguide cut-off wavelength. For the waveguide shown in Fig. 3(b) , written with 305 nm wavelength, 50 mW power and 1 mm/sec laser scan speed, the single-mode range is from 408 nm to 615 nm. We have measured the cut-off wavelengths of all the waveguides written with various writing wavelengths, laser powers, and scan speeds. The variations of the cut-off wavelength of the waveguides written with different wavelengths, as a function of laser power and scan speed are shown in Fig. 4(a) and Fig. 4(b) respectively. These results confirm our previous observation [2] that for each writing wavelength an optimum writing condition (writing power and scan speed) exists where the induced refractive index change is maximised. As the refractive index change or the contrast of the waveguide (∆n max ) increases, the cut-off shifts to longer wavelengths. This may be because of the tradeoff between the laser-induced refractive index change and the strain due to surface damage of the waveguides at higher laser fluences. UV laser-induced surface damage has been investigated by Rodenas et al. in [11] , where it was demonstrated that it induces a permanent local stress of micron-scale dimension, causing a decrease in local refractive index of LiNbO 3 to some extent [12] . Raman analysis of the exposed region also shows some loss of crystallinity of the material [13] , indicating that though LiNbO 3 may suffer some change in chemical structure at the superficial surface layer, it remains largely unchanged in the bulk.
Spectral analysis with applied voltages
Results of the measurements for cut-off wavelength change with applied dc voltages of waveguides written with four different UV wavelengths are shown in the graph of Fig. 5 . It may be observed in the graph that the waveguides written with 275 nm exhibit the lowest change in cut-off wavelength with applied voltages in the range from −600 to + 600 V. The changes in cut-off wavelengths of the waveguides gradually increase with the writing wavelength. In the present electrode configuration, where a uniform electric field is applied across the whole crystal containing the waveguides, the change in cut-off wavelength will depend on the change in refractive index contrast of the waveguides with respect to the substrate. Hence for waveguides with the same electro-optic coefficients as that of LiNbO 3 substrate, there shouldn't be any appreciable change in the cut-off wavelength. However, waveguides which have a reduced electro-optic coefficient with respect to the substrate will exhibit a more significant change in cut-off wavelength with the applied voltage. Thus the results in Fig. 5 indicate that a waveguide written with 275 nm has an electro-optic coefficient, r 33 , closest to the substrate value in comparison to waveguides written with longer wavelengths. In fact, the electro-optic coefficient decreases monotonically with the increase in writing wavelength. The measured change in contrast of these waveguides with respect to the substrate refractive index at 0.6328 µm transmitting wavelength (Fig. 6 ), for different applied voltages, supports these experimental observations. Maximum refractive index values near the surface for these waveguides without applying any voltages are given in Table 1 . The changes in mode width and mode depth of these UV-written waveguides with the applied voltages are shown in Fig. 7 . The details of the experimental setup for mode profile measurement and determination of refractive index contrast of the waveguides are presented in Ganguly et al. [2] . All these waveguides are single-moded in nature at this wavelength within the applied voltage range. As expected the changes in mode widths and mode depths for the waveguide written with 275 nm wavelength with the applied voltages are relatively small, whereas, for other waveguides significant changes in mode widths and mode depths are observed. It may also be noted that the asymmetry in Fig. 5 for + ve and -ve applied voltages actually reflects the asymmetric behavior of mode depth variation of the waveguides as seen in Fig. 7(b) . We have observed a measurable mode shrinkage or expansion along the applied electric field direction for these UV-written waveguides. Fig. 7 . Changes in mode width (a) and mode depth (b) with applied voltages for the waveguides written with 275, 300.3, 302, and 305nm wavelengths.
Electro-optic coefficients of the waveguides
The interferometrically measured electro-optic coefficient (r 33 ) of the waveguides written with these four different wavelengths and writing powers (45, 50, 55, 60 mW) are summarized in the graph shown in Fig. 8 . All the waveguides were written with a scanning speed of 1.0 mm/sec. Our measurements were performed with a dc applied field at room temperature (20 °C), for a probe wavelength of 0.6328 µm. Typical variations of normalised detector output with applied voltage are presented in Fig. 9 , for the waveguides with different writing wavelengths. The non-zero minimum detector outputs may be a combined effect of slightly unequal intensity of the two arms of the interferometer under applied voltages and other stray environmental effects. It may be concluded from these results that the electro-optic coefficient is as low as 14 pm/V for waveguides written with 305 nm wavelength, but increases with decreasing writing wavelength, to a value (31 pm/V) that is close to the bulk r 33 value of the crystal, for 275 nm writing wavelength. It may also be noticed that the electro-optic coefficients of the waveguides are effectively independent of the writing laser powers within our studied experimental range. For comparison we have also measured the r 33 coefficient of a Tiindiffused channel waveguide fabricated in our laboratory, using the same experimental apparatus. The measured value of 35 pm/V is ~13% higher than the values for waveguides written with 275 nm wavelength. We also studied the a.c. (upto 10 KHz) electro-optic response of the waveguides using the same interferometric setup. A dc bias (0-100V) was also applied along with the sinusoidal ac signal (V pp = 35-155 V) to set the phase difference between the interferometer arms to п/2, effectively increasing the detection sensitivity. It was observed that within the studied frequency range the frequency response of the UV-written waveguides is similar to that of the Ti-indiffused waveguide. 
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Applied dc voltage (Volts) The reason for the electro-optic coefficient reduction at 300.3, 302, and 305 nm writing wavelengths, is not clearly understood at the moment. Since lithium out-diffused waveguides are known to produce highly efficient electro-optic modulators [14, 15] , some other mechanisms dominant during waveguide fabrication at these longer writing wavelengths, could possibly be the cause. One such plausible explanation could be due to the formation of all-optically inverted ferroelectric domains within the illuminated region [16] . The depth of these inverted domains on the + z face at a shorter UV wavelength (244 nm) has been estimated to be of order 30-50 nm. However, the dependence of the depths of such alloptically inverted domain on the writing wavelength has not been studied. The presence of such inverted domains within the waveguide volume will reduce the average phase shift for a given value of the applied voltage which will consequently appear as a reduced EO coefficient. Another possible mechanism which would result in a reduced EO response is damage induced in the crystal by the UV-laser writing step. As the absorption depth for the longer wavelengths is greater, the corresponding damaged volume extends further into the waveguide region, and hence a reduced value for the measured EO coefficient would be obtained for these wavelengths. The UV illuminated tracks were investigated by piezoresponse force microscopy (PFM) in order to identify the cause for the reduction in the EO response. The PFM investigation showed indeed a limited contrast associated with the UV illumination which could be attributed either to a shallow inverted domain or a damaged volume. The PFM results were inconclusive mainly due to the limitation in the depth resolution of the device which is comparable to the dimensions of the waveguiding volume [17] .
Conclusions
A detailed experimental study on spectral and electro-optic characterization of direct UVwritten waveguides in congruent z-cut LiNbO 3 crystal has been presented. The waveguides were written with 275, 300.3, 302, and 305 nm wavelengths with various writing powers (35-60 mW) and scan speeds (0.1-1.0 mm/sec). Spectral analysis determined the multimode and single mode wavelength regions, and the cut-off point of the fabricated waveguides. Measurements of cut-off wavelengths of the waveguides for different writing powers and scan speeds confirm the existence of optimum writing conditions for maximum refractive index changes of these waveguides. Changes in cut-off wavelengths of the waveguides with applied uniform electric fields across the substrate indicate that electro-optic response decreases with increasing writing wavelengths. This experimental observation was verified by measuring the mode-widths, mode-depths, and refractive-index contrasts of the waveguides at various applied voltages. Direct measurements of the unclamped electro-optic coefficients (r 33 ) of the waveguides written with different wavelengths were also performed by an interferometric method. It was observed that the r 33 coefficient is maximum (31 pm/V) for 275 nm writing wavelengths, whereas it is reduced to 14pm/volts for waveguides written with 305 nm writing wavelength. These interferometric measurements have not taken into account the piezoelectric contribution [18] to the phase change of a beam passing through the electro-optic crystal. Nevertheless, this gives a quantitative comparison of the electro-optic coefficients for different waveguides with four different writing wavelengths.
